Eutectic Sb 70 Te 30 fast-growth material is one of the promising candidates for high data transfer rate recording. However, it also shows the disadvantage of poor thermal stability. Germanium, with a high value of glass transition temperature, is expected to play the role of thermal stabilizer. It was found that the effect of Ge doping on reflectivity difference between asdeposited and annealed states is not significant. However, the addition of Ge element into Sb 70 Te 30 can reduce the initialization or erasure power, and increase the stability of the phase change recording media at room temperature at the same time. Unfortunately, doping Ge element would also slow down the crystallization speed of eutectic Sb 70 Te 30 recording film.
Introduction
Due to the fast development of multi-media technology, the demand for a phase-change media with large recording capacity and fast data transfer rate is getting higher. To increase the recording capacity, one can reduce the wavelength () of the laser pick-up and/or increase the numerical aperture (NA) of the object lens. Recently, Sony and Philips presented a new digital video recording (DVR) format, based upon a blue laser pick-up with ¼ 405 nm and an objective lens with NA of 0.85, achieving a recording capacity of 22.5 GB on a 120 mm disc. [1] [2] [3] To speed up data transfer rate, fast crystallization phase change material is required because the maximum data transfer rate of a phasechange media is determined by the crystallization speed of the recorded amorphous marks. Eutectic Sb 70 Te 30 fastgrowth material is one of the promising candidates for high data transfer rate recording. 4, 5) However, this material also suffers from its poor thermal stability which is detrimental to the archival stability of the disc. An effective way to overcome this obstacle is doping specific elements into the eutectic Sb 70 Te 30 fast-growth material to increase its crystallization temperature. Because germanium (Ge) has a high glass transition temperature (T g ), 6) it is expected that germanium will play the role of thermal stabilizer when it is doped into the eutectic Sb 70 Te 30 material. However, germanium element also shows a high value of reduced temperature (T g =T m ), where T m is the melting temperature, which might reduce the crystallization speed of eutectic Sb 70 Te 30 material as well.
In this paper, we quantitatively studied the effect of Ge doping on the optical properties and crystallization characteristics of the eutectic Sb 70 Te 30 recording film. The complex refractive indices and reflectivity of amorphous and crystalline Ge-doped Sb 70 Te 30 recording films, and the crystallization temperature and activation energy for various amorphous Ge-doped Sb 70 Te 30 materials were measured. The John-Mehl-Avrami (JMA) equation was employed for the analysis of the crystallization behavior of the Ge-doped Sb 70 Te 30 recording films. Crystal structures of the asdeposited and annealed Ge-doped eutectic Sb 70 Te 30 recording films were also analyzed.
Experimental Procedures
The starting material used in this study is a eutectic Some of the specimens were annealed at 250 C for 30 min to compare the difference of the optical properties between as-deposited and annealed Ge-doped Sb 70 Te 30 recording films. The complex refractive indices and reflectivity were measured by an ellipsometer. Both exothermal and isothermal experiments were conducted to study the crystallization characteristics of the as-deposited Ge-doped Sb 70 Te 30 recording films. For the isothermal experiment, differential scanning calorimetry (DSC) was employed to determine the crystallization temperature and activation energy of the asdeposited recording films. Here the crystallization temperature was determined at a heating rate of 10 C/min. For the isothermal experiment, an isothermal-reflectivity-time measuring system, as shown in Fig. 1 , was employed to determine the reaction exponent and reaction constant in the JMA equation for isothermal crystallization. The specimen was put on a heating stage that was pre-heated to the temperature of 10 C below the crystallization temperature, and the reflectivity changing with time was recorded immediately. The fraction of crystallization at any time can be determined by normalizing the measured reflectivity to the difference of the reflectivity between the start and the end of crystallization. To examine the crystal structures of the as-deposited and annealed Ge-doped Sb 70 Te 30 recording films, a small angle X-ray diffractometer (SAXRD) was also employed.
Results and Discussion
The chemical composition of the Ge-doped Sb 70 Te 30 recording films measured by ICP-AES is listed in Table I , where x is the atomic concentration of Ge element. It is evident that the concentration of Ge element increases with Ge sputtering power. Figure 2 shows the complex refractive indices of asdeposited and annealed Ge-doped Sb 70 Te 30 recording films at wavelength of 400 nm. For the as-deposited recording films, the refractive index (n) increases and the extinction coefficient (k) decreases slightly as the Ge sputtering power increases. However, the dependence of the complex refractive index of the annealed recording film on Ge sputtering power is not evident. Figure 3 shows the effect of Ge sputtering power on the reflectivity of as-deposited and annealed Ge-doped Sb 70 Te 30 recording films and the reflectivity difference between these two states at wavelength of 400 nm. It was found that the effect of Ge sputtering power on reflectivity difference is not significant. The reflectivity difference of Ge-doped Sb 70 Te 30 recording films at wavelength of 400 nm is around 8-10%. Figure 4 shows the DSC curves for various as-deposited Ge-doped Sb 70 Te 30 recording films at the heating rate of 10 C/min. All the DSC curves show two exothermal peaks. The first one corresponds to the crystallization temperature (T x ) at which the transformation of amorphous phase to crystalline phase occurs, while the second one may correspond to the phase transformation temperature (T c ) where the crystal structure formed at previous crystallization process may transform to another structure which is more stable. It was found that T x of the non-doped Sb 70 Te 30 appeared at about 135 C and T c about 182 C. As Ge sputtering power of 10 W, 20 W and 30 W were applied, T x C, 188 C and 198 C, respectively. The crystallization temperature and the phase transformation temperature as a function of Ge concentration is plotted in Fig. 5 . Apparently, the crystallization temperature is significantly affected by the concentration of Ge element; even a small amount of Ge doping can produce an appreciable increase in the crystallization temperature. On the other hand, the phase transformation temperature is only slightly affected by Ge doping. The increase of crystallization temperature by Ge doping can be attributed to the high glass transition temperature of the Ge element. Normally, the glass transition temperature can be seen as a lower limit for the crystallization temperature at normal heating rate. The increase of crystallization temperature with glass transition temperature has been found by Lankhorst. 7) The glass transition temperature of the Ge element, estimated to be 750 K is much higher than those of Sb and Te elements which were estimated to be 182 K and 285 K, 8) respectively. Therefore, the increase of Ge concentration is very effective in increasing the glass transition temperature of the Gedoped Sb 70 Te 30 , leading to an increase of the crystallization temperature. However, the reason for the slight increase of the phase transformation temperature with the concentration of Ge is not clear yet. It may be related to the dependence of crystal structures formed before and after phase transformation on the Ge concentration.
In the DSC measurement, different heating rates would result in different crystallization and phase transformation temperatures. Figure 6 shows the DSC curves of Ge-doped (20 W) Sb 70 Te 30 samples at different heating rates. Unsurprisingly, when the heating rate increases from 5 to 10, 20 and 40 C/min, the crystallization temperature increases from 154 C to 159 C, 163 C and 169 C, while the phase transformation temperature increases from 183 C to 188 C, 193 C and 196 C, respectively. According to Kissinger's equation, lnð=T 2 x Þ ¼ C À ðE a =RT x Þ, where is the heating rate, T x is the absolute crystallization or phase transformation temperature, E a is the activation energy, and C and R are constants, a linear relationship is established between lnð=T Te 30 increases with Ge content; however, the activation energy of phase transformation is only slightly affected by Ge doping. The dependence of activation energies of crystallization and phase transformation on Ge content is similar to that of the crystallization temperature and phase transformation temperature on Ge content. It should be noted that the DSC measurements were conducted at very low heating rates compared with the ultra fast heating rates used in laser annealing. Normally, the heating rate for laser annealing used in phase change media can be as high as 10 11 C/min according to thermal simulation result. 9) Assume that the transformation mechanism is the same for the low and ultra fast heating rate, the crystallization temperature versus heating rate based on Kissinger's equation can be extrapolated, as shown in Fig. 8 . It is interesting that the effect of Ge doping on the crystallization temperature at an ultra high heating rate is opposite to that found at a low heating rate. The crystallization temperature at an ultra high heating rate of 10 11 C/ min for non-doped Sb 70 Te 30 material was estimated to be 682 C, and decreased to 454 C, 431 C and 418 C for 10 W, 20 W and 30 W Ge-doped Sb 70 Te 30 materials, respectively. That means the addition of Ge element into Sb 70 Te 30 could reduce the initialization or erasure power, and increase the stability of the phase change recording media at room temperature at the same time.
To further understand the crystallization behavior of the as-deposited Ge-doped Sb 70 Te 30 material, the isothermal crystallization behaviors were also examined. Figure 9 shows the fraction of crystallization as a function of time for various as-deposited Ge-doped Sb 70 Te 30 recording films at a temperature of (T x À 10)
C. Typical S-shaped transformation curves were found in all recording films. Their isothermal crystallization behaviors can be described by the JMA equation. 10) In the JMA equation, the fraction of crystallization X is expressed as follows:
where m is the reaction exponent, K is the rate constant and t 0 is the incubation time. According to the JMA equation, the material with larger m and K is expected to have a higher crystallization speed. By plotting ln½À lnð1 À XÞ versus lnðt À t 0 Þ, as shown in Fig. 10 , the reaction constant m and rate constant K can be determined. The reaction exponents of the as-deposited Ge-doped Sb 70 Te 30 recording films were determined to be 2.28, 1.58, 1.27 and 1.04, and the rate constants were determined to be 3:0 Â 10 À4 , 17:9 Â 10 À4 , 23:5 Â 10 À4 and 39:4 Â 10 À4 , respectively, when the Ge sputtering power of 0 W, 10 W, 20 W and 30 W were applied. It is clear that the reaction exponent m increases, and the reaction constant K decrease as the Ge content increases. Since the reaction exponent is more dominant than reaction constant in the JMA equation, the addition of Ge will slow down the crystallization speed of as-deposited Sb 70 Te 30 recording films and therefore is detrimental to high data rate recording. According to Jiang and Okuda's study, 8) a phase change material with a higher average reduced temperature shows a shorter minimum erasure time. The average reduced temperature, T g =T m , is defined as Figure 11 is the small-angle-X-ray-diffraction patterns of the Ge-doped Sb 70 Te 30 films after heated at 250 C for 30 min. Basically, the crystalline structures of Ge-doped Sb 70 Te 30 films are virtually the same and only Sb rhombohedral structure can be found.
Conclusions
We have quantitatively studied the effect of Ge doping on the optical properties and crystallization characteristics of the eutectic Sb 
